Inertial vibration energy harvesters are effective only when they operate at their natural frequencies. A slight deviation from operation at resonance conditions leads to a substantial reduction in the generated power, which places hurdles for the development of devices that operate across a wide frequency range. To address this issue, we present a vibration energy harvester with a tunable natural frequency. Frequency adjustment in a cantilever-type energy harvester is achieved by varying the rotary inertia of the beam through changing the angular position of a rotatable mass mounted at its tip. The mass is driven by a beam-mounted servomotor which controls its angular position about an axis normal to the beam's mid-plane, thereby varying the effective mass moment of inertia. In this arrangement, the power required for frequency adjustment is kept to a minimum, since no mechanical straining forces are applied on the beam, and power is only needed when the motor turns to adjust the orientation of the tuning mass. A frequency tuning algorithm is developed to keep the beam operating at resonance. The algorithm relies on information gathered by an infrared sensor/receiver module that detects the prevailing frequency of vibration by a microprocessor and drives the servomotor in accordance with a lookup table that relates natural frequency with angular position of the motor. An analytical model is developed to predict the system dynamics and the variation in natural frequency in terms of the various design parameters. While the proposed design is applicable to various types of vibration energy harvesters, an electromagnetic prototype is presented to verify the concept. 
Introduction
Inertial vibration energy harvesters of the linear type are usually designed to operate at resonance, hence any changes in the operating frequency lead to a significant reduction in the output power, unless corrective action is taken to tune the devices back to resonance. For this reason, devices possessing adjustable natural frequencies, among others, have received attention in the research community in recent years. In these systems, the effective mass, stiffness or damping parameters are changed to allow the system to respond to variable-frequency excitation schemes. The main approaches adopted in the literature rely either on applying some mechanical straining forces to change the stiffness, or on adjusting the mass distribution to change the effective mass characteristics. As tuning usually requires additional power, current research efforts continue to address self-sufficient devices, which produce more power than they consume, and self-adaptive devices, which autonomously adjust their frequencies without manual intervention. For a comprehensive review of frequency tuning methods for piezoelectric energy harvesting systems, the reader is referred to the work of Ibrahim and Ali [1] . Other useful reviews on techniques to increase the operating bandwidth of energy harvesters are presented by Zhu et al. [2] and Twiefel and Westermann [3] .
Efforts to alter the natural frequency through the application of straining forces include the work of Eichhorn et al. [4] in which axial preload was applied by a piezoelectric actuator on a cantilever beam to change its resonance frequency from 150 Hz to 190 Hz. The use of permanent magnets to apply forces on structures has received wider attention because of the ease of applying variable magnetic forces by adjusting the separation between the magnets in action. In this context, reference is made to the work of Aboulfotoh et al. [5] , which presented a tunable harvester with magnetic attraction forces to automatically adjust the natural frequency of a cantilever beam in the range from 4.7 Hz to 9.0 Hz. Magnetic forces, both attractive and repulsive, were applied by Challa et al. [6] to alter the stiffness of a piezoelectric cantilever beam. More recently, Hoffmann et al. [7] presented a self-adaptive electromagnetic cantilever beam which utilizes a rotatable magnet to tune the frequency from 30 Hz to 50 Hz via magnetic forces, whereas Dong et al. [8] proposed a tunable energy harvester where the frequency can be tuned via the application of magnetic force in two dimensions to alter the transverse and axial stiffness of a piezoelectric cantilever beam. Efforts to change the geometry of a system to vary the stiffness have recently received attention. In this context, reference is made to the work of Heit et al. [9] in which a vibration energy harvester was designed consisting of a wishbone spring, whose geometry can be adjusted, thereby changing the structural stiffness. Reference is also made to the work of Lee and Chung [10] in which a rotatable spring with a variable stiffness was developed.
While extensive efforts have been expended on adjusting the stiffness characteristics of structures through the application of straining forces, less emphasis was granted on adjusting the mass properties. System with adjustable mass characteristics are likely to consume less power in tuning, since no mechanical straining forces are to be exerted and maintained, but rather a mass redistribution is needed to cause a change in natural frequency. In this work, we address this topic by proposing to adjust the rotary inertia of a cantilever-type energy harvester in order to enable the device to exhibit a variable resonance frequency, thereby enabling it to operate across a variable frequency range. In this way, the natural frequency of the system can be adjusted. The limiting cases are when  = 0 (maximum moment of inertia; minimum natural frequency) and  = 90° (minimum moment of inertia; maximum natural frequency.) To realize this concept, the mass is driven by a beam-mounted servomotor which controls its angular position about an axis normal to the beam's mid-plane. Energy can be harvested by electromagnetic induction, though the concept can equally be applied to piezoelectric devices. The servomotor is equipped with a gearbox to prevent it from being backdriven by the tuning arm. 
Design

Dynamic Model
The main system parameters are illustrated in Fig. 2(a) . As the system operates close to its fundamental resonance frequency, an approximate single-degree-of-freedom model, as depicted in Fig. 2(b) , is developed to study the dynamic behavior. The model consists of an equivalent mass m, attached by a spring k and a damper c to a base undergoing a displacement y. The displacement is denoted by x and electromagnetic induction causes an electric current i to flow in a circuit that is assumed to have a resistive load RL. The effective stiffness of the cantilever beam can be expressed as:
where E is Young's modulus of elasticity of the beam, I is the second moment of area of beam, and L is the beam length. Rotary inertia effects of the cantilever beam itself are ignored as they are negligible compared to the inertia of the tuning arm and tuning masses. Accordingly the effective mass m, which includes the effect of the tip mass mt, the mass moment of inertia of the proof mass It, and the beam mass mb, can be expressed as [11] :
where, the tip mass mt is the combined mass attached to the beam's tip, which is given by:
where mtm is the mass of each tuning mass, mta is the mass of the tuning arm, mm is the motor mass and mg is the magnet mass. In equation (2), It is the total mass moment of inertia of the tip masses about the out-of-plane axis, and is given by: and e e U Bl dx dt R i L di dt    (6) where U is the voltage across coil terminals, B is the magnetic field, l is total length of wire in the coil, Re is the coil resistance Le is the coil inductance, and t is the time. To verify the concept, a steel cantilever beam carrying a tuning arm and tuning masses was constructed. The beam was disturbed from equilibrium and the resulting free vibration was monitored by a non-contact proximity probe. The frequency of vibration was determined at different angles of the tuning arm. The selected dimensions and material properties are listed in Table 1 . Figure 3 shows a comparison of the theoretical predictions of the natural frequency and the experimental findings.
The natural frequency increases with the tuning arm angle. Increasing the angle beyond 90 degrees is not necessary due to symmetry. For the parameters specified, the natural frequency can be tuned from 8 Hz to 10.3 Hz. 
Frequency Tuning Algorithm
Once a relation is established between the natural frequency and angle of the tuning arm, a frequency tuning algorithm is developed to keep the beam operating at resonance. The algorithm relies on information gathered by an infrared sensor/receiver module that detects the prevailing frequency of vibration by a microprocessor. The sensor is mounted on a fixed frame and works by counting the number of times the beam tip interrupts the receiver module as the beam vibrates. A pulse is generated every time an interruption takes place. The frequency is then calculated in the microprocessor by counting the number of pulses in a specified time interval (process time), which was taken to be 5 seconds in order to capture several interruption cycles for a better accuracy. By comparing the incoming frequency (from the sensor) and the natural frequency (through the current angular position of the motor), the system works to adjust the angle of the tuning arm by driving the servomotor. Once activated, the system works in a continuous loop: sensing the base excitation frequency, comparing it to the current natural frequency (set by current angle) and driving the servomotor to achieve resonance. A DC servomotor with a torque of 1.5 kgcm is used, which is controlled by a pulse signal that is provided by an Arduino Uno micro-controller. A photo interrupter sensor (type OS25B10) combining an infrared light emitting diode and a sensitive photo transistor is used. As the beam passes between the diode and transistor a signal is sent to the micro-controller to calculate the frequency of vibration. A slotted cardboard sheet is attached to the cantilever tip to interrupt the path between the sender and receiver points of the sensor. Data sent by the sensor is processed in the micro-controller to capture the excitation frequency with a resolution of 0.1 Hz. Figure 6 illustrates the autonomous operation of the system and its capability of self-adjusting its natural frequency to match that of the incoming vibration. For the scenario shown, the beam is first excited at 8.8 Hz, whereas the tuning arm is initially positioned at an angle of zero, which corresponds to 8 Hz. It takes the system 5 seconds to sense the frequency mismatch, and the servomotor abruptly turns, placing the tuning arm at an angle of 50° thereby achieving resonance. The excitation frequency is kept constant for 16 s, and is then manually changed to 9.4 Hz. Once this happens, the system operates off-resonance, as indicated by the reduced output voltage at approximately 21 s. It takes the system two adjustment cycles to change the angle of the tuning arm to 64.3° to achieve resonance again at 30 s. The excitation frequency is maintained for about 9 more seconds, and is then increased to 10 Hz. Once again, the system responds after 5 s and successfully tunes itself to the incoming frequency by changing the arm's angle to 78°, which leads to an increase in the output voltage shown in the last segment of the time history plot. 
Conclusions
A variable inertia energy harvester was presented in this work. The device is capable self-adjusting its natural frequency from 8 Hz to 10.3 Hz by varying the angular position of a rotatable tip mass mounted on a cantilever beam. An infrared sensor/receiver module is used to detect the frequency of oscillation and a microprocessor is used to drive a servomotor to maintain the system in a state of resonance. It is expected that this design draws little power for frequency adjustment, since power is only needed to change the orientation of the tuning mass. The system was studied analytically and experimentally, and was able to follow the applied forcing frequency if it was changed arbitrarily.
